A new centroid finding method for all detectors where the signal charge is collected or induced on strips or wires, or on subdivided resistive electrodes, is presented. The centroid of charge is determined by convolution of the sequentially switched outputs from these subdivisions or from the strips with a linear centroid finding filter. The position line width is inversely proportional to N3/2, where N is the number of subdivisions.
Introduction
The problem of accurate centroid finding of the charge collected or induced on discrete or continuous resistive electrodes appears in most applications of all ionization and electron multiplying position-sensitive detectors. The centroid is usually determined by a global continuous readout employing delay lines or charge division, Fig. l(a) . Alternatively, it could be determined by computation from the outputs of discrete strips or wires, Thus, with the increase in the detector area, one reaches a limit to the accuracy and to the position resolution for a given amount of charge. The necessity to keep the required signal charge at a low level appears in all detectors for various reasons, in order to avoid space charge effects at high rates, to maintain amplitude (energy linearity), to reduce deposit formation in gas detectors, etc.
Centroid computation, usually referred to as the "center of gravity method",1 from the outputs of discrete strips or wires, as performed so far, requires a considerable amount of electronics and it is inherently slow. If performed digitally, it requires a large dynamic range in the analog-to-digital converters, and it results in differential nonlinearity due to the quantization errors. This paper describes a centroid finding method which substantially reduces these problems. The basic problem is how to subdivide the detector to avoid the limitations imposed by its size and capacitance, and yet, to have a continuous readout without dead regions or discontinuities and nonlinearity. The first step in this direction was made by Alberi, improves slowly with N, because the noise from all outputs is included in the centroid determination. The centroid computation is global, i.e., with respect to the whole length of the detector. Thus the position error due to the ratio computation, quantization, nonlinearity, etc., is the same as for the case without subdivision.
The solution lies, obviously, in (1) subdivided resistive chain, (2) in using only those outputs for centroid determination where the signal is present, and (3) in using output nodes as fiducial points. Thus the noise from only these outputs (3 to 4) is included, resulting in much improved position resolution. The absolute position error is determined by the error in centroid finding within one subdivision, and it is independent of the number of subdivisions, i.e., the size of the detector. Linear relation of the centroid with the event position for the signal charge straddling an output node, as in Fig. l(c) , can easily be proved by calculation of the first moment.
Our method to accomplish these functions is illustrated in Fig. 3 . The solution is a unique one, taking advantage of the best properties of both analog and digital techniques. The centroid of (induced) charge is determined by convolution of the sequentially switched subdivision output signals with a linear centroid filter. The zero crossing time of the filter w(t), shown in Fig. 3 , is given by
The function f(t) consists, in this case, of sequentially switched samples of charge from the subdivision outputs. According to Eq. (2), the filter provides a linear measure of the centroid by its zero crossing time. The width of the filter weighting function is determined by the number of samples required to determine the centroid (three to four, in most cases). The filter has the required property of including signal and noise only from outputs containing centroid information, and thereby minimizes the line width broadening due to the electronic noise. In Fig. 3 , each charge amplifier is followed by pulse shaping and a sample and hold circuit. The signal on all outputs is sampled simultaneously. Then, the switching sequence and the digital timer for zero crossing are started synchronously. The zero crossing from the centroid filter stops the timer.
The position resolution of this method is determined as,
where: aF = constant containing input filter and centroid filter form factors (usually 2 < aF < 3) N = number of subdivisions k = Boltzmann constant T = absolute temperature.
The position resolution improves strongly with the number of subdivisions. The number of subdivisions is determined by the detector size, capacitance, required resolution and the signal charge. It can be any number between the following two extremes. The upper limit is one output per strip as in Fig. l(b 
Centroid Finding by Convolution
The method is based on the centroid finding property of a class of filters with bipolar impulse response (weighting function). The concept of such a filter was introduced in a previous work.
The impulse response of an ideal centroid finding filter is given by
where TM is the width of the filter impulse response as shown in Fig. 4 , and U(t) is the unit step function. The response of the filter to an input function f(t) is given by the convolution integral, 
The detection of zero crossing thus provides a measurement of the centroid tc of the function f(t), provided that f(t) is zero before tc -TM/2 and after tc + TM/2.
The relation of various functions and time parameters in the centroid finding is illustrated in Fig. 4 . In our case, the function f(t) is formed by the sequentially switched charge samples as shown in Fig. 3 . If the induced charge distribution is narrower than the length t/N of one section of the detector (between two adjacent amplifier connections to the resistor chain), there will be at most three consecutive samples with nonzero values of signal charge for each detected event, as is evident from Fig. l(c) . The magnitude of the charge samples is determined by simple linear division of charge. Each part of the induced charge distribution propagates along its corresponding section of the resistor chain k, k+l and k+l, k+2. One can show by calculation of the first moment that the centroid in time of the sequence of these charge samples corresponds to the centroid in position of the induced charge distribution. As shown in Fig. 4 , the filter performs linear weighting of the function f(t) with respect to the centroid tc. The minimum width of the filter weighting function is then determined from the requirement that each element of the input function f(t) must be weighted for any position of the centroid. Figure 4 shows the extreme position x/(t/N) P (9) where Ts is the width of one sample. The output response shows that the zero crossing is delayed with respect to the centroid by TM/2 in agreement with Eqs. We note that while the shapes of the input and output of the filter change with position, the slope at zero crossing remains constant as stated above. It is interesting to see how the filter selects two or three samples, as the case may be, and produces a measure of the centroid. Three samples appear when the signal charge straddles a connection to the resistor chain, and there are two samples when the charge is all within one section C,/N.
One can, of course, increase the filter width to handle more samples. This might be necessary in the case where there is no resistor chain and the charge is measured on each electrode strip (4 to 5 samples may be required to achieve a linear response6).
The width of the impulse response of the centroid finding filter should be as small as possible, in order to reduce the noise contribution from other samples where there is no signal charge (see next section), and to reduce the resolving time of the filter.
The resolving time of the filter, after which the next event (sampled simultaneously at the input) could be measured, is equal to the width TM of the impulse response on the basis of the criterion that the zero crossing corresponding to either event should not be disturbed. This corresponds to the minimum centroid separation of the two events by 3 to 4 sample widths, Ts.
The time scale for centroid finding and thus the conversion sensitivity according to Eq. (10) is arbitrary, since it is completely defined by the sample width Ts. In practical implementation of various functions outlined in Fig. 3 (charge sampling, sequential switching, filter response, sensing of zero crossing, and time digitization), the limitation one encounters first is the speed of time digitization. If we assume, for example, 100 position resolution elements in one section t/N of the detector, and a sample width Ts of 100 nsec, the required clock frequency would be 1 GHz. All other functions are easily implemented on this time scale. Even with much more moderate speed of time digitization, a short overall processing time for finding the centroid is achieved. For example, in the case of the detector with 103 position resolution elements and a clock frequency of 200 MHz, the total processing time is 5 ksec. In this sense, the processing time of this method with simple sequential switching is equal to that of the delay line method.
The processing time could be significantly reduced, if instead of sequential switching a more elaborate switching scheme is developed. In such a scheme, a fast search by sequential switching could be used to determine the coarse position of the event by finding a group of charge samples. This group of charge samples is then switched sequentially at lower speed into the centroid finding filter. This "fast-slow" approach would reduce the processing time from NTS to about 5 Ts. This is of interest in cases where the number of subdivisions N is large, and a high counting rate is required. In the example considered above with Ts = 100 nsec, the centroid would be determined in 0.5 isec. Another advantage of this approach results from the fact that only those samples where the signal is present are switched into the filter. The shape of the filter outside of the linear region is then of lesser importance because there are no other samples, except those containing the signal, contributing noise to the measurement.
Noise and Position Resolution
A principal purpose of this method for centroid finding is to reduce the contribution of the electronic noise to the position line width. The position resolution of a detector is, of course, limited also by other dispersive effects arising from the interaction of particles with matter in the detection process and from the mechanisms of signal development in the detector. The position line broadening due to the electronic noise is always inversely proportional to the signal charge. Most of the difficult problems in the detector design arise from the requirement for a large signal charge, which frequently results in increased dispersion due to the space charge and propagation of avalanche, for example. In our method, the noise contribution is reduced at the expense of the number of sections N which require signal processing circuits. Obviously, it is of interest to find the relation between the position resolution and the signal charge, detector capacitance and size, and the number of sections.
An accurate determination of the noise contribution should include all the noise sources and an exact description of the input circuit (e.g., thermal noise in the resistive chain represented as a diffusive line, and the amplifier noise). The fluctuations in the zero crossing time of the centroid finding filter can best be determined by graphical methods. A detailed treatment will be published in a separate report.9
We derive here, analytically, an approximate relation for the position resolution by a simplified model which provides the main results and an insight into the resolution properties of this position finding method. A simplified model for the noise calculation is shown in Fig. 7(a) . An example of signal and noise as it appears at the input of the centroid finding filter is shown in Fig. 7(b) . We assume that the amplifier noise is negligible, and that the thermal noise of each resistor in the chain can be represented by a single noise current generator. The noise, due to such a source, appears (anti)correlated at the outputs of the two adjacent amplifiers. The measurement of the centroid is affected only by the noise of those samples in the vicinity of the centroid which are within the filter weighting function placed with its zero crossing at the centroid, as in Fig. 4 . This corresponds to 3 to 4 samples (3.5 samples in the example in the previous section).
Calculation of the position resolution is simpler in the case where the centroid is determined by computation from the samples of charge (Qk+lo Qk+2) Qk+3)-Since centroid computation is equivalent to centroid finding by convolution, we shall use it here to determine the position resolution. According to Fig. 7(a) We define acf as the form factor of the centroid finding filter, which takes into account, in a general case, the number of samples considered and the shape of the filter's weighting function.
The mean square charge noise qR2 is determined from consideration of the charge division. It is simply the equivalent noise charge due to the thermal noise in the resistance RDS (Refs. 3 The factor acF is the ratio of the position line width for the subdivided readout considered here, and for the charge division on one section alone with no connections to the rest of the resistor chain. This increase in the line width is due to the noise contribution by several sections, Fig. 7(a An accurate picture of noise and resolution is more complicated than presented here, as is usually the case, and it will be discussed elsewhere. In this method, maximun variation is between 6 and 30%, depending on the weighting function width and slope. Another question is the resolution in cases where amplifier noise is not negligible. This occurs with resistance chain at a short measurement time where the amplifier, e.g., series noise resistance, is no longer negligible compared to resistance of the section RDS.
Finally, the case with one output per electrode strip and no resistor chain is of special interest, since it has the lowest electronic noise and the best position resolution.
Position Accuracy
In this method for centroid finding, the absolute position accuracy achieved in one section is independent of the number of sections and thus of the length of the detector. Amplifier connections to the resistor chain may serve as fiducial points. In any subdivided readout the problem arises in position encoding in matching the coarse position information (amplifier connections) to the fine position information (interpolation within one section). This results in discontinuities and a large differential nonlinearity. One method of avoiding this is to use continuous readout (global position encoding) for the entire length of the detector, but then the advantage of higher absolute accuracy is lost. This problem has been encountered and considered by other authors working on subdivided readouts (see, for example, Refs. 11, 12, and 13).
In centroid finding by convolution, the position information is converted into time and this allows a solution to this problem. The time scale of the signal in Figs. 3 and 4 , consisting of sequentially switched samples, is determined by the sequential switch. The sequential switch thus determines the coarse position and it also provides the time scale for the centroid, i.e., for the fine scale. The solution is to synchronize the sequential switch with the clock used for fine scale time digitization. This is easily done by deriving the switch clock from the time digitization clock by frequency division. This is illustrated in Fig. 9 . In the case of the nonintegral ratio of the clock frequencies, there is a time channel width error causing discontinuity at the boundaries between sections. One can conclude more generally that, if the coarse and fine position are determined by independent means, discontinuity results. The measured position error (integral nonlinearity referred to one section) is shown in Fig. 10 . Integral nonlinearity of ± 0.55% corresponds to the performance achieved with global position readouts (referred to the whole length of the detector). Our results were obtained on the centroid finding system7 for a detector with t, -_ 20 cm, so that the maximum error of -± 80 Pm corresponds to an integral nonlinearity of -4 x 10-4. We suspect that the main cause of the remaining error is the offset of the sample and hold circuits.
Differential nonlinearity, i.e., the spectrum for a uniform illumination or for a continuous scan with a point source, is shown in Fig. 11 . Differential nonlinearity is derivative dxm/dx of the ftnction xm = f(x), (i.e., position calibration curve), where xm is the measured and x the true position. This is a very sensitive measure of discontinuities in the position calibration curve. In both Fig. 10 and Fig. 11 , there is no indication of discontinuities at section boundaries.
The effect of finite cathode strip width can be studied by measuring differential nonlinearity. In Fig.  11(a) , for a ratio of strip width to the anode-cathode spacing s/d = 0.76, differential nonlinearity is ± + 4% and there is no periodic structure. In Fig. 11(b) for s/d = 1.1, periodic structure corresponding to 4 strips per section is apparent. While the differential nonlinearity is already significant at A 8%, the integral nonlinearity and absolute position error are still smaller than the errors in Fig. 10 due to other sources. (This is because of the short period of the nonlinearity.) 5 . Discussion of Results and Applications
The method described in this paper performs direct conversion of position into time and thereby it replaces the computation of the first moment by a simple measurement of the zero crossing time. The principal properties of the method are:
(1) The input shaping prior to sampling is independent of the centroid finding filter. The input shaping can be optimized with respect to charge collection in the detector and to the amplifier noise.
(2) The time scale for centroid finding and thus the conversion sensitivity positionto-time is determined only by the sample width TS, Eq. (10) (1) High precision position readout for large area neutron detectors7 for use in biological structure determination by neutron scattering.
(2) High resolution x-ray detectors at high photon counting rates for use in molecular and crystal structure determination by diffraction of synchrotron radiation. Sample amplitudes are shown qualitatively.
All amplifiers shown are "charge sensitive" with input impedance small compared to the resistance between adjacent amplifiers. 
